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Abstract: 

In the Net Zero Emissions Scenario, renewable sources — particularly wind energy — are expected to supply 
the majority of electrical power. Since the performance of wind turbines is strongly influenced by ambient 
conditions such as wind speed and air density, climate change may also alter wind energy production.  
Thus, this study investigates how climate change could affect offshore wind energy production in Europe. The 
period 2000–2024 is adopted as the benchmark, while ambient conditions for 2050–2074 are projected under 
three scenarios defined by the Intergovernmental Panel on Climate Change, which assume different 
greenhouse gas concentration pathways.  
The results indicate that the relative variation of offshore wind energy potential will be in the order of ±10 % 
compared to the benchmark period. 
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1. Introduction 
Greenhouse gas (GHG) emissions produced by human activities are considered the main driver of climate 
change [1]. In response, several countries (e.g., EU) have set the ambitious goal to achieve net zero emissions 
by 2050, which can be met by significantly reducing the use of fossil fuels and increasing the role of renewable 
energies. Among renewable energy sources, wind energy is expected to be a key player to decarbonize the 
electricity sector [2]. However, the availability of wind energy, and consequently wind power, depends on 
ambient conditions (i.e., wind speed and air temperature) that have already changed due to climate change 
([3], [4]). Thus, in-depth analyses are required to quantify the impact of climate change on wind energy, and 
its effect on wind power production.  

Some studies have recently addressed this goal for offshore areas. Study [5] found that global offshore wind 
potential may experience a slight decline, particularly in Europe and China, with the exception of polar regions, 
where, on the contrary, an increase is projected. Studies [6] and [7] examined wind energy changes in Northern 
and Atlantic European waters. Study [6] reported an increase in wind energy density in the Baltic Sea of up to 
10 %, while a widespread decrease was projected along the western coast of Ireland, with reductions up to 30 
%. In contrast, study [7] projected a 10–15 % increase in wind energy across Atlantic European waters, 
particularly around Ireland and the UK. The impact of climate change in India’s EEZ is more diversified, as 
projections vary depending on greenhouse gas concentration scenarios. Under the SSP2-4.5 scenario, a slight 
increase in wind resources is expected, whereas the SSP5-8.5 scenario forecasts a significant and widespread 
decline in the Arabian Sea and the Bay of Bengal [8]. In the Australian EEZ, offshore wind energy production 
is expected to decrease by 0.1–2.6 % over the next 50 years [9]. 

In summary, the state-of-the-art literature generally agrees on the following three key points.  

First, on average, global offshore wind energy is going to decrease due to its migration from the mid-latitudes 
of the Northern Hemisphere to polar and tropical regions. As a consequence, the jet stream may become 
weaker, while stronger winds are expected near coastal areas due to the increase in sea-land temperature 
gradient [10]. On one hand, the decrease in wind power is dramatic since electricity production reduces, by 
challenging the pathway towards decarbonization. On the other hand, the decline in wind energy may also be 
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beneficial, since fewer ramp events are expected, by enhancing grid stability, reducing maintenance costs, 
extending the lifespan of wind turbines, and utilizing energy storage more effectively [11].  

Second, climate change may influence the seasonal patterns of wind energy. For instance, in both the Atlantic 
Ocean and the Australian EEZ wind speed is projected to increase in summer, but may decrease in winter [6, 
9]. Conversely, the period from September to December is expected to be windier in the Indian EEZ [8]. 

Third, wind energy is the renewable energy mostly affected by climate change, since it usually exhibits the 
highest variability with respect to hydro power and solar energy ([12], [13]).  

Given the key role of wind energy in future decades, further studies are required to examine the impact of 
climate change. For instance, ambient conditions should be projected by means of different climate models 
and for different future scenarios, to either confirm or disconfirm the previous outcomes. In addition, most of 
the state-of-the-art literature mainly focuses on a few features (i.e., wind power density and average wind 
speed), but other variables (e.g., power output) should also be investigated. These findings can be used to (i) 
identify the most suitable areas for the installation of new wind turbines, and (ii) plan efficient policies that 
account for the influence of climate change [14].  

This paper addresses these goals by evaluating the impact of climate change on offshore wind energy in 
Europe. To this purpose, we develop a methodology useful to assess wind energy density and power output 
over two different time frames (i.e., years 2000-2024 and 2050-2074 in this paper). We also analyze the 
distribution of wind speed over time, by evaluating the variation of its mean value, mode, scale factor, and 
shape factor. Three future scenarios, characterized by different representative concentration pathways 
(RCPs), namely RCP 2.6, RCP 4.5, and RCP 8.5, are analyzed.  

The novelty of this study can be summarized as follows:  

• analysis of the impact of climate change on multiple variables that characterize offshore wind energy; 

• investigation of three RCP scenarios; 

• high geographical (0.25° × 0.25°) and temporal (three hours) resolutions.  

2. Methodology 
This paper develops a general methodology aimed at assessing wind energy density (WED) of a given territory 
and the power generated by offshore wind turbines. To this purpose, two inputs are required: air temperature 
(T), and horizontal wind speed (WS). In addition, wind turbine characteristics (i.e., power curve, hub height H, 
rotor diameter D, and control strategy) have to be also known.  
Air temperature and horizontal wind speed can be retrieved from the Copernicus Climate Data Store (CDS) 
[15], which provides data for the European domain split into cells (as shown in Fig. 1a) with a spatial resolution 
of 0.25° × 0.25° (approximately 28 km × 28 km).  
 

 
 

(a) (b) 

Figure 1.  Example of a) the split of a territory into cells, b) distance from the shoreline. 

In this database, wind speed values are reported at a height of 10 m above ground level, whereas air 
temperature T (expressed in °C) refers to a measurement height of 2 m. To obtain the corresponding values 
at the turbine hub height (H), Eqs. (1)-(3) are applied ([16], [17]). Hellman exponent (α) depends on hub height 
(H) as well as on surface roughness (z) that is set equal to 0.0002 m for offshore areas [17]. In Eq. (3), the 
parameter γ is the atmospheric temperature lapse rate, which describes the decrease in temperature with 
altitude, and is assumed to be 0.0065 °C/m [18].  
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Air pressure at hub height (pH) is calculated as in Eq. (4), where g is the gravitational acceleration, and R is 
the gas constant for air (i.e., 287.04 J/kg·K).  
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Air density (ρ) can be estimated as in Eq. (5).  
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H
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The yearly wind energy density WED (Eq. (6)) assesses wind potential per unit of rotor swept area over a 
given time frame. If N years are considered, the contribution of Nt time stamps has to be accounted for with 
time granularity Δt.  
Instead, power output PWT is proportional to the number of wind turbines (NWT) that can be installed within a 
given cell. This value depends on the area that can effectively be exploited for wind turbine installation (AWT in 
Eq. (7)), which depends on the availability factor af. The availability factor represents the maximum fraction of 
a given cell area Acell that is available for wind turbine deployment [19]. The value of af depends on the distance 
from the shore (d) [19], which can be evaluated by using Eqs. (8) – (10). Specifically, θ denotes the central 
angle between two points on a sphere. For each offshore cell, θ is computed by means of the haversine 
formulation (Eq. (10)), where φc and λc are latitude and longitude, respectively, of a given cell centroid, while 
φs and λs are the coordinates of the shoreline. The distance between each shoreline point and the cell centroid 
is computed, and the minimum among all calculated distances is retained (see Fig. 1b). 

 WED =
1

2
∙

∑ ρ
H

Nt

j=1 ∙ WSH,j
3  ∙ ∆tj

Nyears

 (6) 

AWT = af∙Acell (7) 

d = 
DE

2
 ∙ θ (8) 

θ = 2∙ sin
-1 √havθ (9) 

havθ = 
1 − cos(φ

s
 −  φ

c
)+ cos φ

s
∙ cosφ

c
∙[1 −  cos(λs - λc)]

2
 (10) 

Cell area Acell is calculated as in Eq. (11), where DE is the Earth diameter (DE = 12,742 km), and φc is the 
latitude of cell’s centroid.  
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Thus, the maximum number of wind turbines NWT that can be installed within each cell (see Eq. (12)) can be 
calculated by assuming that the occupation area Ao per one wind turbine depends on WT diameter, as per Eq. 
(13), by assuming a downstream spacing of 7 rotor diameters with cross-wind spacing of 5 diameters [20].  

NWT= 
AWT

Ao

 (12) 

Ao= 7 D ∙ 5 D (13) 

Thus, if NWT identical wind turbines are installed, Eq. (14) allows calculating the yearly power output per unit 
ground area, where PWT is wind turbine power generation, which is inferred from WT power curve.  

EWT,uA =  
NWT∙ ∑ PWT,j
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3. Case study 

3.1. Territory 

This paper assesses the offshore wind energy potential included between latitudes from -22° to 32° and 
longitudes from 36° to 73°. This area includes the Mediterranean Sea, part of the Black Sea and the Atlantic 
Ocean, the North Sea, the Baltic Sea, and the Arctic Ocean. Figure 2 shows the seabed depth (available in 
[15]) and the distance from the shoreline calculated by using Eqs. (8) – (10).  

In this study, WED is calculated across the entire offshore domain, whereas the maximum producible energy 
(EWT,uA) is evaluated only in areas where wind turbine deployment is most likely, i.e., where seabed depth is 
lower than 200 m and the distance to the shoreline is below 200 km [17]. Areas that meet both criteria are 
highlighted in Fig. 3 and represent approximately 26 % of the considered offshore domain. Based on these 
criteria, the Baltic Sea and the North Sea are particularly suitable for the installation of offshore wind turbines. 
In contrast, the Arctic Ocean, the Atlantic Ocean, the Black Sea, and the Mediterranean Sea are exploitable 
only near the shores, as their seabed depth steeply increases, exceeding 1000 m at just approximately 100 
km from the shoreline (Fig. 2a). Consequently, the waters surrounding Norway, the Iberian Peninsula, and the 
coasts of the Mediterranean Sea (excluding the Adriatic Sea) can be considered poorly suitable for offshore 
wind turbine deployment. 

  

(a) (b) 

Figure 2.  a) Seabed depth [15], b) distance from the shore. 

 

Figure 3.  Areas suitable for wind turbine deployment. 

As outlined in Eq. (7), the area effectively available for wind turbine installation (AWT) is proportional to the 
availability factor (af). In this study, we consider a medium-availability scenario, in which the availability factor 
depends on the distance from the shore [19]. More specifically, af is equal to 5 % up to 10 km from the shore, 
30 % between 10 and 50 km, and 60 % between 50 and 200 km from the shore. As a result, the maximum 
number of wind turbines that can be deployed increases with increasing distance from the shore. In this work, 
the availability factor is assumed to remain the same in the two considered timeframes. Thus, the number of 
wind turbines that can be deployed within a given cell is assumed to be constant over years. 
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3.2. Ambient conditions 

Air temperature T (at 2 m height) and wind speed WS (at 10 m height) are extracted from CDS, which provides 
ambient conditions from 1951 to 2100. Ambient conditions up to year 2005 are derived by means of reanalysis, 
which consists of integrating historical data collected from weather stations, balloons, aircraft, and satellites 
with weather models to provide a consistent representation of past weather [21].  

Instead, future projections are generated by using various global and regional climate models. Global climate 
models simulate the response of Earth's climate system to changes in greenhouse gas concentrations, 
regional climate models predict ambient conditions for a specific region by leveraging the outputs of the global 
climate model.  

In this paper, ambient conditions are predicted by the regional climate model named HIRAM5 combined with 
the global climate model EC-EARTH, and three future scenarios (namely RCP 2.6, RCP 4.5 and RCP 8.5) are 
accounted for. The three RCP scenarios consider three different projected concentrations of GHG emissions. 
In RCP 2.6, a stringent mitigation of GHG emissions is guaranteed, RCP 4.5 is an intermediate scenario, 
whereas in RCP 8.5 GHG emissions will further increase in the 21st century [22, 23]. The RCP scenarios entail 
a different increase in the global air temperature that, in the year 2100, will be 2 °C (RCP 2.6), from 2 °C to 3 
°C (RCP 4.5), or 5 °C (RCP 8.5) higher than in the preindustrial era [23].  

The time granularity Δt of the ambient conditions reported in CDS is 3 hours. 

3.3. Wind turbine 

As outlined in Eq. (14), the total power output EWT,uA is proportional to the number of wind turbines NWT that 
can be installed in each cell. In this paper, we consider the wind turbine Vestas V90-3.0 MW [16], i.e., an 
upwind wind turbine with a three-blade rotor, which is suitable for both onshore and offshore applications. Both 
rotor diameter and hub height are equal to 90 m [24]. The power curve of the considered wind turbine under 
standard conditions (i.e., ρstd = 1.225 kg/m3) is shown in Fig. 4. The cut-in and cut-off wind speeds are 4 m/s 
and 25 m/s, respectively. Power generation PWT increases as wind speed increases (see Fig. 4), but PWT 
remains constant and equal to the size of the wind turbine (3 MW) if wind speed is higher than 17 m/s.  

 

Figure 4.  Power curve of Vestas V90-3.0 MW wind turbine under ρSTD = 1.225 kg/m3 [24]. 

The Vestas V90-3.0 MW wind turbine is pitch-regulated [24]. For this reason, for a given air density ρH 
(calculated as in Eq. (5)), Eq. (15) provides actual power generation. As a result, an increase in air temperature 
leads to a reduction in the equivalent wind speed (WSH,eq), with a consequent decrease in the generated 
power. 

WSH,eq = WSH∙ (
ρ

H

ρ
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)

1/3

  (15) 

In this paper, we assume that both NWT and power curves do not vary over time. In such a manner, the sole 
influence of ambient conditions is highlighted. 

3.4. Analyses 

The analyses documented in this paper aim at assessing the impact of climate change on wind speed features 
(i.e., scale factor C, shape factor k, mean μ and mode ν), wind energy density (WED) and power generation 
(EWT,uA). To this purpose, such variables are calculated over two different time frames: a past time frame, used 
as the benchmark, which comprises the period from 2000 to 2024 (labelled as “2000”) and a future time frame 
ranging from 2050-2074 (labelled as “2050”). Each time frame is composed of twenty-five years, which 
corresponds to the economic lifetime of wind turbines [25].  
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Wind speed features are derived by modeling wind speed data by means of a Weibull distribution function [26, 
27]. The scale factor represents the scale of the Weibull distribution: a lower value shifts the distribution to 
lower wind speed values. Instead, the shape factor determines the shape of the distribution; as the shape 
factor decreases, the maximum of the function progressively shifts toward lower wind speeds, while the 
frequency probability of events with high wind speed increases. The mean wind speed and the mode (i.e., the 
value with the highest probability) can be calculated by using Eqs. (16) and (17), respectively, and solely 
depend on scale and shape factors. 
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Instead, wind energy density and power generation are calculated as discussed in Section 2.  

The impact of climate change on each variable Y is provided by its relative variation Δ over the two time frames, 
as per Eq. (18). Variation in wind speed features, as well as WED, is calculated across the entire offshore 
domain, whereas variation in producible energy (i.e., EWT,uA) is evaluated only in areas where wind turbine 
deployment is most likely. 

∆ = 
Y2050  −  Y2000

Y2000

 (18) 

4. Results 
Wind energy density and wind speed, calculated over the period 2000–2024 at the hub height are shown in 
Figs. 5 and 6. Wind energy density (Fig. 5) mainly depends on the distance from the coast. In fact, wind 
features (Fig. 6) typically become more favorable for power generation, and there are no physical obstacles. 
In general, wind energy density rapidly increases within the first few kilometers from the coast and then tends 
to remain approximately constant once open sea conditions are reached. 

 

Figure 5.  Yearly wind energy density (years 2000 – 2024).   

The Atlantic Ocean, the North Sea, and the Arctic Ocean exhibit the highest wind energy density, as they are 
characterized by higher wind speed values and lower variability throughout the year (i.e., higher shape factor). 
Enclosed or semi-enclosed seas (i.e., the Mediterranean Sea, the Black Sea, and the Baltic Sea) are generally 
less attractive. In particular, the Mediterranean Sea typically presents the lowest WED due to lower values of 
the Weibull parameters, indicating that wind generally blows with lower intensity. The only exception is the Gulf 
of Lion, where wind energy density is comparable to the one in the North Sea (i.e., approximately 8 

MWh/mrs
2 ·year). Because of significant seabed depths (see Fig. 2a), floating wind farms may be a suitable 

option for such a location.   

Figure 7a shows the number of wind turbines per unit ground area (NWT,uA), hereafter referred as to wind turbine 
density, in regions where seabed depths are lower than 200 m and the distance from the coast is below 200 
km. Since protected areas — which depend on geographical location — are not taken into account, three 
distinct zones can be identified. For a medium exploitation scenario within 10 km from the coast, wind turbine 
density is approximately 0.14 units/km2, and it increases to about 1.06 units/km2 and finally reaches 2.11 
units/km2 in areas very far from the coast. 
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(a) (b) 

  

(c) (d) 

Figure 6.  a) Scale factor, b) shape factor, c) mean value, d) mode (years 2000 – 2024).   

  

(a) (b) 

Figure 7.  a) Number of wind turbines per unit ground area, b) yearly power output per unit ground area (years 
2000 – 2024). 

Figure 7b, which shows the yearly electricity production per unit ground area, confirms that the lowest power 
production occurs in the Mediterranean Sea, whereas the North Sea is the most attractive region. In fact, by 
assuming the same turbine technology and number of wind turbines deployed within a given territory, electricity 
production in the waters surrounding the United Kingdom (both in the North Sea and in the Atlantic Ocean) is 
more than twice the value expected in the Mediterranean Sea. 
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The combined analysis of Figs. 2a, 3, 5, 6, and 7b clearly highlights that the Atlantic Ocean and the North Sea 
are highly suitable areas for offshore wind energy exploitation thanks to both favorable climatic conditions and 
shallow seabed. This result is supported by the fact that the UK is the country with the largest installed offshore 
wind capacity in Europe, by accounting for more than 40 % of the total European offshore wind capacity [28]. 

Despite having a moderate power generation (up to approximately 26 GWh/kmcell
2 ·year) thanks to both 

favorable climatic conditions and relatively shallow seabed (Fig. 3), the Baltic Sea is currently only marginally 
exploited. For example, the installed offshore wind capacity in Sweden and Finland represents only about 0.5 
% and 0.3 %, respectively, of the total European capacity [28].  

Conversely, the potential of the waters surrounding Italy, Spain, and Portugal is currently extremely limited due 
to both the very large seabed depths reached even a few kilometers from the shore and, particularly in the 
case of Italy, usually low wind speeds. 

Figure 8 provides the variation in wind speed features and wind energy density in the period 2050 – 2074 
compared to the reference period (2000 – 2024). The whiskers extend to the most extreme variations that are 
not considered outliers, while outliers are represented by red crosses. The red horizontal line indicates the 
median variation, whereas the blue box delimits the interquartile range (from the 25th to the 75th percentile). 

The variation in wind speed features remains relatively limited, generally ranging between ±5 % in all scenarios. 
In contrast, WED exhibits larger variations (usually between ±10 %) for two main reasons. First, WED depends 
on the cube of wind speed; therefore, small variations in wind speed are magnified. Second, WED is also 
proportional to air density, which is expected to vary because of temperature increase up to 5 °C (for RCP 
8.5). As can be grasped from Fig. 8, the considered RCP scenario mainly affects outliers, and the expected 
variation for each physical quantity becomes progressively more pronounced moving from RCP 2.6 to RCP 
8.5.  
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(c) 

Figure 8.  Relative variation in wind speed characteristics and WED: a) RCP 2.6, b) RCP 4.5, c) RCP 8.5.  

The European wind energy density may decrease on average from −1.6 % under RCP 2.6 to −4.7 % under 
RCP 8.5, suggesting that the overall impact of climate change may be relatively limited. However, stronger 
local variations are expected. For instance, in the Arctic Ocean, wind energy density may increase by up to  
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20 %, as also reported in [5]. The areas most affected by WED reductions include the Danish coast, where 
values may decrease by approximately 10 %, as well as some regions of the Atlantic Ocean, both offshore 
and near the Irish coast. However, these latter areas are characterized by very large seabed depths (up to 
about 1000 m), making their exploitation particularly challenging. Despite this decrease, these areas will still 
have the highest wind energy density.  

Similar considerations apply to the variation in electricity production in areas with seabed depths lower than 
200 m and distances from the coast below 200 km (Fig. 9). Overall, a decrease in electricity production is 
observed, and this effect becomes more pronounced when moving from the RCP 2.6 to the RCP 8.5 scenario. 
European power generation may decrease on average from 0.7 % under RCP 2.6 to 3.4 % under RCP 8.5. 
However, more pronounced local variations are expected, particularly near the Portuguese coast and in the 
English Channel, where reductions of approximately −10 % are projected. All other areas show more limited 
changes, ranging between −5 % and +5 %. 

The variation in both WED and electricity production depends on two main physical variables, i.e., wind speed 
and air temperature, but the dominant effect is determined by variations in wind speed, while the increase in 
air temperature has a lower influence on WED and electricity production [29]. 

 

Figure 9.  Relative variation in yearly power output.   

In conclusion, the results of this study are consistent with the findings reported in [5], indicating a projected 
decrease in offshore wind energy potential in Europe.  

By combining the results of this study with the findings reported in a previous study by the same authors [29], 
it is possible to derive some general guidelines for the future of both offshore and onshore wind energy in 
Europe (see Fig. 10).  
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Figure 10.  Variation in: a) wind energy density, b) power output (onshore and offshore areas, RCP 4.5).  

In both cases, an overall decrease in wind energy density and power output is likely to occur. Consequently, 
the overall attractiveness of wind energy in Europe may gradually decline in the next decades, despite its key 
role in the energy transition. The largest declines are projected in regions with the highest potential (e.g., the 
Atlantic Ocean and the North Sea, as well as France, Germany, and Denmark). By contrast, the attractiveness 
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of wind energy in eastern areas (e.g., Baltic Sea, Baltic countries, Ukraine) may decrease more gradually, 
likely due to their greater distance from open seas (Fig. 10). 
Moreover, the impact of climate change on both onshore and offshore wind energy is generally comparable in 
magnitude, except in certain mountainous areas (e.g., Alps), where producible power may decrease by more 
than 40 %, but wind energy production is relatively small.  
Finally, variations in wind energy density are typically larger than those observed in energy production. In fact, 
power output depends on both air density and wind speed through the power curve of the wind turbine.  

5. Conclusions 
This paper assessed the impact of climate change on the potential of offshore wind energy in Europe. Wind 
energy potential was evaluated by developing a methodology that allowed calculating both wind energy density 
(WED) and power generated by a wind farm based on ambient conditions (i.e., wind speed and air 
temperature) and wind turbine characteristics (i.e., power curve, rotor diameter, hub height, and control 
strategy). The developed methodology was applied to the European region, including the Mediterranean Sea, 
the North Sea, the Baltic Sea, parts of the Black Sea, the Atlantic Ocean, and the Arctic Ocean.  

Wind energy density and power generation were assessed for two time frames, i.e., 2000–2024 and 2050–
2074. Future projections were analyzed under three different scenarios (i.e., RCP 2.6, RCP 4.5, and RCP 8.5), 
which differ in greenhouse gas emission concentrations. 

At present, the Atlantic Ocean and the North Sea proved to be highly suitable areas for offshore wind energy 
exploitation, as they exhibited the highest WED and power generation, combined with shallow seabed depths. 
In contrast, enclosed or semi-enclosed seas (i.e., the Mediterranean Sea, the Black Sea, and the Baltic Sea) 
generally showed lower attractiveness. For instance, power generation in areas surrounding the United 
Kingdom could be more than twice the value observed in the Mediterranean Sea. 

Due to climate change, variations in WED were typically within ±10 %, with the exception of localized areas 
(e.g., Arctic Ocean), where larger changes were expected. In contrast, variations in power generation were 
generally smaller.  

In conclusion, the potential of offshore wind energy may decrease in the coming decades, particularly in areas 
that are currently the most attractive. These findings may be helpful for policy makers, given the key role of 
wind energy for energy transition. 

Nomenclature 
af  availability factor, % 

Acell cell area, m2 

Ao  occupation area, km2/unit 

AWT area for wind turbine installation, m2 

C  scale factor, m/s 

d  distance, km 

D  rotor diameter, m 

DE  Earth diameter, km 

EWT,uA yearly power output per unit ground area, kWh/m2·year 

g  gravitational acceleration, m/s2 

GHG greenhouse gas 

H  hub height, m 

k  shape factor, - 

Nt  number of time stamps, - 

NWT number of wind turbine, - 

NWT,uA number of wind turbine per unit ground area, unit/km2 

Nyears number of years, - 

pH  pressure at hub height, Pa 

PWT power output, kW  

R  gas constant, J/kg·K 

Δt  time granularity, h 

TH  temperature at 10 m height, °C 

T2 m temperature at 2 m height, °C 

WED yearly wind energy density (per unit rotor swept area), Wh/mrs
2 ·year 



WSH wind speed at hub height, m/s 

WSH,eq equivalent wind speed at hub height, m/s 

WS10 m wind speed at 10 m height, m/s 

WT wind turbine 

Y  variable 

z  surface roughness, m 

Greek symbols 

α  Hellman exponent, - 

γ  temperature coefficient, °C/m 

Γ  gamma function 

Δ  variation, - 

θ  central angle, - 

Δλ  spatial resolution (longitude), °  

λc  longitude of cell centroid, ° 

λs  longitude of shoreline, ° 

μ  mean wind speed, m/s 

ν  mode, m/s 

ρH  air density at hub height, kg/m3 

ρstd air density under standard conditions, kg/m3 

Δφ  spatial resolution (latitude), ° 

φ
c
  latitude of the cell centroid, ° 

φ
s
  latitude of shoreline, ° 
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